Abstract-A compact dual-band MIMO antenna with high port isolation for WLAN applications is proposed. The proposed antenna is basically composed of two monopoles and designed at 2.4/5.2 GHz. High port isolation is achieved by introducing a T-shaped junction on the top surface of the substrate and etching two slots on the ground. The measured bandwidth of the proposed antenna are 2.34-2.55 GHz and 5.13-5.85 GHz, which are suitable for WLAN applications, and the measured isolation between the two monopoles is higher than 20 dB in both bands. Meanwhile, the envelope correlation coefficient of the antenna at both operating bands is lower than 0.001, which means that the antenna has high diversity gain. Good agreement is achieved between the predicted result and the measured data. The overall size of the proposed antenna is 38 mm × 43 mm × 1.6 mm.
INTRODUCTION
The development of next-generation wireless communication systems requires higher data rate and higher channel capacity. Meanwhile, there is a trend toward the miniaturization of handheld devices. These conflicting requirements must be met using low-cost solutions that simultaneously maintain high radiation efficiency. One promising solution is MIMO (multiple-input-multiple-output) technology. In MIMO system, multiple parallel wireless routes are created by placing multiple antennas at transferring and receiving terminals. Higher channel capacity and data rate can be acquired without adding extra power or spectrum [1] . Therefore, since the closely spaced antennas can cause strong mutual coupling, it is very difficult to integrate multiple antennas closely in a size restricted device (for example: handset) while maintaining good isolation between antennas [2] . To reduce mutual coupling, many methods have been presented, including the neutralization line [3] , etching slots on the ground [4] , DMN (decoupling and matching network) composed of series/shunt reactive elements [5] , eigenmode DMN approach [6] , electromagnetic band-gap (EBG) structure [7] , and defected ground structure(DGS) [8] . Moreover, low correlation and diversity polarization are achieved simultaneously after arranging the two folded monopoles orthogonally [9] .
The foregoing decoupling techniques in the literature above, though in a general sense provide excellent decoupling capability, are restricted to single band operation. This apparently contradicts to the evolution of modern communication systems, of which dual-band or multiband operations have become essential. Dual-band MIMO antenna using decoupling network has been proposed [10] . The decoupling network, which consists of reactive elements and microstrip lines, can only perform with a narrow band. Moreover, fabricating such a circuit network will bring in additional complexity of the system. In [11] , a dual-band MIMO antenna with high port isolation by using an array of printed capacitively loaded loops (CLLs) on the antenna is proposed. A dual-band polarized bowtie antenna array for MIMO WLAN is presented in [12] , and a dual-band MIMO antenna with high isolation is proposed by introducing two transmission lines on the top surface of the substrate and etching two slots on the ground [13] . Though good decoupling effect is achieved, such technologies in [11] [12] [13] require a significant amount of space. In this paper, a compact dual-band MIMO antenna with high port isolation is proposed. The designed antenna is basically composed of two monopoles and operates at 2.4/5.2 GHz. To achieve low mutual coupling between the two antenna elements, a T-shaped junction on the top surface of the substrate and two slots on the ground are introduced. High port isolation and impedance matching at both operating bands are acquired. Meanwhile, the antenna is compact in size, simple in structure and easy to fabricate. The proposed antenna is smaller in size than the antenna reported in [11] [12] [13] .
ANTENNA DESIGN AND PARAMETRIC STUDY
The geometry with some detailed dimensions of the proposed MIMO antenna is illustrated in Figure 1 . The MIMO antenna consists of two symmetric back-to-back monopoles, of which the first monopole (branch 1) is used to excite two resonant frequencies. Based on the mode design method in [14] , a rectangular patch (branch 2) is added to straight strip (branch 1) to shift the mode resonant frequency towards a specific frequency, thus two needed bands can be determined, respectively. The MIMO antenna is printed on the front side of a commercial 1.6-mm FR4 substrate with relative permittivity of 4.4 and loss tangent of 0.02. On the back side of the substrate, the rectangular metal of 38 mm in width and 43 mm in length serves as a ground plane for the portable device. The distance between the two monopoles is 14 mm. In order to suppress the mutual coupling, a T-shaped junction connecting the two monopoles and ground plane, and two slots on the ground are introduced. The proposed antenna structure is designed and analyzed by using the Ansoft High Frequency Structure Simulator (HFSS).
Figure 2(a) shows the simulated results for return loss of the monopoles with different lengths of branch 1 (L 1 ). As L 1 decreases, both lower and upper bands are shifted towards higher frequencies, because both lower frequency and resonant frequency are determined by branch 1. Figure 2 (b) shows the return loss for different lengths of L 2 . Branch 2 is designed to shift the resonant frequency generated by branch 1. As L 2 decreases, the resonant frequency is shifted towards a high value with little change of the lower band. Therefore, the widths of the two monopoles are used for impedance matching at both operating bands. Furthermore, L 1 , L 2 , W 1 , W 2 can be used to adjust resonant frequencies for a dual-band antenna operating at 2.4 and 5.2 GHz.
In order to reduce the mutual coupling, a T-shaped junction connecting the two monopoles and the ground, and two slots on the ground plane are introduced. The T-shaped junction acts as a short stub-loaded resonator (SSLR) to generate transmission zeros between the two antennas. From Figure 1 , it can be seen that the T-shaped junction is symmetrical. Therefore, according to [15] , the resonant frequencies related to the even and odd T-shaped junction excitation modes are calculated as follows:
where ε eff denotes the effective dielectric constant of the substrate, and c is the velocity of light in free space. We choose f odd as the upper resonant frequency at 5.2 GHz, while f even is chosen as the lower resonant frequency between 2.4 GHz and 5.2 GHz in order to achieve better decoupling performance. Figure 3 shows the simulated |S 21 | with different D 1 . It is shown that the upper resonant frequency is affected significantly with little change to the lower resonant frequency. Moreover, the change of D 1 has no influence on the resonant frequency at 2.4 GHz since this resonant frequency is generated by two slots on the ground plane. Two slots on the ground plane are used to change the distribution of the ground surface current and act as a λ g /4 stub filter operating at 2.4 GHz band to block current toward the other port. The simulated |S 21 | is studied when the slot lengths (SL) and slot distances (D 2 ) are Table 1 . Parameters of the proposed antenna (see Figure 1) . Figure 4 . By tuning the length of SL, from Figure 4 (a), it is seen that the increase in SL decreases the resonant frequency of the band with no shift in the upper resonant frequency at 5.2 GHz at all. It is also seen that the decoupling effect is achieved when length of the slot is about λ g /4 at the operating frequency. From Figure 4 (b), all the resonant frequencies are shifted since the slots are moved toward the inner region of the feeding ports. It may be because the strong mutual coupling between slots and the feeding lines affects the proper functioning of the decoupling structure. SL, D 1 and D 2 can be used to adjust isolations at both lower and upper bands. The optimized values for SL, D 1 and D 2 are found to be 12.5 mm, 14 mm and 18 mm for the best isolation at both bands.
The optimal values for the antenna dimensions are shown in Table 1 .
RESULTS AND DISCUSSION
Based on the optimal dimensions listed in Table 1 , a prototype of the dual-band MIMO antenna is designed, fabricated, and experimentally investigated. Figure 5 (a) shows a photograph of the fabricated antenna. The S-parameters of the dual-band MIMO antenna is measured by the Agilent E8363B vector network analyzer (VNA). For the convenience of comparison, the measured and simulated results of the proposed antenna are plotted in Figure 5 (b) and listed in 5.825 GHz WLAN bands. As described in Figure 5 (b), the measurement result agrees well with the simulation one. Meanwhile, the measured isolation is higher than 20 dB in both lower and upper bands, indicating a good MIMO performance of the structure. The maximum isolation is nearly 33 dB at 2.45 GHz and 44 dB at 5.25 GHz. The magnitudes of the surface current distributions of the proposed antenna without and with the decoupling structure at 2.4 and 5.2 GHz are illustrated in Figure 6 and Figure 7 . From Figure 6 (a) and Figure 7(a) , we can see that branches 1 and 2 are expected to make the antenna exhibit dual-band characteristic because they present two surface current lengths. Obviously, branch 1 makes the antenna operate at the lower resonant frequency while branch 2 shifts the upper resonant frequency generated by branch 1, and the current distribution is in accordance to the phenomenon in Figure 2 . However, there is strong current coupling through the ground current coupling and the near-field coupling since the two antenna arrays are placed closely without decoupling structure. From Figure 6 (b) and Figure 7 (b), after applying the decoupling structure, the mutual coupling is reduced considerably. In particular, at 2.4 GHz the mutual coupling is strongly prevented by the slots and the T-shaped junction, while at 5.2 GHz its effect is deeply reduced by the presence of the T-shaped junction.
The measured far-field radiation patterns in E-plane (XZ-plane) and H-plane (XY -plane) are given in Figure 8 . Radiation patterns are measured in anechoic chamber SATIMO StarLab with one port exited while the other port is terminated with a 50 Ω load, and the peak gain of the proposed antenna is 2.76 dBi at 2.4 GHz and 2.87 dBi at 5.2 GHz.
Envelope correlation coefficient (ECC) is an important parameter to measure the diversity gain of [12] Dual-band MIMO 7.3% Ref. [13] Dual-band MIMO 83.8% a MIMO system. Generally, low envelope correlation always leads to high diversity gain [16] . For a two-antenna system, we can use a simple formula to calculate ECC [17] , which is shown in Eq. (4).
The calculated result for the proposed antenna is given in Figure 9 . The desired operating bands of the proposed antenna have an ECC less than 0.001, which means that the antenna has good diversity gain at the operating bands.
Comparisons of the proposed antenna with those presented in [11] [12] [13] on antenna dimensions are given in Table 3 . Significant reduction in size has been achieved with our antenna design. 
CONCLUSION
A compact dual-band MIMO antenna with high port isolation has been presented. The antenna, characterized by a simple structure and compact size of 38 mm × 43 mm × 1.6 mm, satisfies the 10-dB return loss requirement for the WLAN applications with isolations higher than 27 dB at 2.45-GHz band, 40 dB at the 5.2-GHz band and 30 dB at the 5.8-GHz band. The high-isolation performance is achieved by introducing a T-shaped junction on the top of the substrate and etching two slots on the ground. The correlation coefficient of the proposed MIMO antenna is less than 0.001 at both operating bands.
In addition, the antenna shows good radiation characteristics and stable gain across the whole working bands. Consequently, the proposed MIMO antenna is suitable for portable wireless devices with a small size.
